A two-wavelength plasma density interferometer utilizing a CO 2 laser and an HeNe .Iaser is described. The interferometer is being designed for use on Doublet III, a large noncrrcular cross-section tokamak. The use of the two wavelengths allows the distinction between fringe shifts due to plasma density and fringe shifts due to mirror vibrations. ~Iasma. den~ity frin~e shifts of 1/10 of a fringe shift can be measured in the presence of mrrror VIbratIons WhICh cause several fringe shifts. A simple digital phase comparing electronic system is used.
INTRODUCTION
This paper discusses a two-wavelength laser interferometer which is being developed for density measurements on the Doublet III Tokamak and will also be useful on TFTR or other large tokamaks. The 4-or 2-mm microwave interferometers which are commonly used to measure the density of present day tokamaks are limited to operating below densities of about 10 14 cm-3 owing to cutoff and nonlinear phase shifts. I They are also limited to operating with VneL < 10 14 cm-3 due to beam refraction effects. L is the length of the beam path and V ne is the spatial gradient of the electron density perpendicular to the beam direction. This is of importance in noncircular cross section plasmas. (For circular cross sections VneL = ne ') The dual laser interferometer consists of a CO 2 laser and a HeNe laser whose beams are superimposed coaxially so that both beams travel the same optical path in the interferometer. CO 2 lasers or HeNe lasers have been used previously to measure densities in plasmas 2 but their use has been generally limited to small, dense, and short-lived plasmas where the fringe shift due to the plasma density is large compared to fringes caused by mirror vibrations. The use of a dual laser interferometer operating at both 10.6 and 0.633 J-Lm allows measurements to be made in the case of a large, relatively long-lived tokamak plasma where the fringe shifts due to the mirror vibrations are larger than the shifts due to plasma density. Other authors 3 have reported the use of two-wavelength interferometers but have again applied them to plasmas with a density of greater than 10 16 and a lifetime less than a few milliseconds. In Doublet III the plasma lifetime will be on the order of 1 s. The combined CO 2 -HeNe laser interferometer provides a less expensive and simpler alternative to the submillimeter lasers which are presently being developed for tokamak interferometry.
I. DESCRIPTION OF THE INTERFEROMETER
In plasma density interferometry the phase shift caused by the plasma is given approximately by (1) where ne ~ n c , fie is the average density along the beam path, L is the beam path length, and A. is the wavelength (A. = 27rlk) . ne is the electron density and nc is the cutoff density for a wave of wavelength A.. nc is proportional to 1..-2 so that cf>p ex: A.. On the other hand, mirror vibrations cause a phase shift cf>v ex: A. -I so that the shorter the laser wavelength the more sensitive it is to mirror vibrations. Thus, the use of two lasers at two different wavelengths allows the differentiation between phase shifts due to plasma density and phase shifts due to mirror vibrations.
A schematic diagram of the Michelson interferometer arrangement planned for Doublet III is shown in Fig. I . The HeNe beam is brought coaxial to the CO 2 beam by use of polished CdTe substrates which act as mirrors for the visible HeNe laser light but are highly transmissive for the CO 2 laser light. The use of comer reflectors minimizes the alignment problems and also offsets the returning beam so that it does not reenter the laser cavity and cause interference. A coated ZnSe substrate operates as a beamsplitter for both wavelengths.
Due to the large size of the Doublet III plasma one of the return reflectors will have to be mounted on a separate support from the other components which are all mounted on the same optical table. This results in relatively large motions of this reflector with respect to the other components. Normal floor vibrations are on the order of a few micrometers at a frequency of 10 Hz. During a plasma shot a certain amount of electrical energy will be converted into mechanical energy and motions of 100 J-Lm at a frequency of 1 Hz and 10 J-Lm at a frequency of 10 Hz might be expected.
The maximum average density expected in Doublet III is about 2 x 10 14 cm-3 , which would cause about ~ of a fringe shift in the HeNe interferometer. With an expected measurement accuracy in the HeNe part of the interferometer of ~ of a fringe shift, we can completely neglect any fringe shift due to the plasma. The ~ fringe shift in the HeNe system corresponds to a mirror motion of 0.016 /Lm or a theoretical limit of 1/33 of a fringe shift in the CO 2 interferometer.
The system we describe here has been shown to be capable of measuring better than 1/10 of a fringe shift of the CO 2 laser interferometer in the presence of mirror vibrations with an amplitude of 100 /Lm at a frequency 1.0 Hz and an amplitude of 10 /Lm at 20.0 Hz. This 1/10 of a fringe corresponds to an average density of 3.5 x 10 12 cm-.3 for a vertical path length in Doublet III of3 m.
The signal output from a single interferometer with a single detector is of the form
where <P is the phase difference between the two legs. It can be seen that in general it is then difficult to differentiate between d<p/dt > 0 and d<p/dt < O. Techniques to surmount this difficulty in a microwave interferometer generally involve either multiple detectors or frequency modulation of the source. For this laser interferometer we have chosen the conceptually simple course of Doppler shifting the light in one path of the interferometer by a linear translation of the return reflector at a velocity V. This generates a signal of the form
and allows the sign of d<p/dt to be readily distinguished. It also allows a relatively simple data reduction system which is very important since we wish to be able to easily separate the effects of mirror vibration from the effects of plasma density. It would also be possible to use acoustic modulators to achieve this frequency shift. 4 The time varying signals from the detectors are now of the form
The velocity V is a function of time due to vibrations, and hl.2 refer to the wave number of the CO 2 laser and the HeNe laser, respectively. <P1.2 are additional phases resulting from initial phase differences, the difference in path length, and the phase shift caused by the plasma density, <PIJ" The ratio of wave numbers can be approximated to a ratio of integers h2/h1 = \6.74 = 67/4. In other words, the frequency of the signal from the visible detector is approximately 67/4 times the frequency of the signal from the infrared detector. This allows simple digital techniques to be used in the data analysis.
The signals are converted into square waves. The frequency of the signal from the visible detector is digitally divided by 67 and the frequency from the infrared detector is divided by 4. Instantaneous comparison of the times of the positive-going edge of the square wave then will yield the instantaneous phase difference between the two signals. The times of the positive going edge of the two signals are given by
and
If V is constant over periods of time on the order of I T.\ -tN I and ITs -T.\'_I I we then obtain
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where C I , C 2 , and C.3 are constants, with C I = 67k 2 /hl' The term C 2 N contains the difference between 67/4 and k2/kl and adds a ramp function to the output. C a contains the constant initial phase differences between the two signals. The effect of the velocity and velocity fluctuations are contained in the normalizing term. TN -TN-I, which is the instantaneous period of the signal from the visible interferometer.
II. ELECTRONIC DATA ANALYSIS
A flow diagram of the data acquisition electronics which measures the quantity (TN -I N )/(TN -TN-I) is shown in Fig. 2 . The two signals, 5\ and S2, are converted into TTL compatible square waves for digital data processing. The converter contains a preamplifier and a Schmitt signal conditioner. The frequencies of the digital signals are then divided by 4 and 67, respectively. The two resulting signals are approximately equal in frequency with a phase shift cp(t). An edge detecting technique is used to detect the two adjacent wave transitions to start and stop a counter (counter window) so that the number of counts during the window open time (T,\ -flo.) is proportional to the phase difference between the two signals at that time. The clock frequency of the counter can be adjusted to suit the Doppler shifting velocity so that the full range of the counter is used. For the tests described here the clock frequency was 30 kHz. The D/A converter gives the analog quantity (TN -fN) to represent the phase difference.
The second counter is reset at time TN of each cycle of the HeNe laser signal so that the analog output (TN -TA-d is proportional to V-I, and we have the normalized phase difference after the analog divider as follows:
The largest source of error in the electronics is the analog divider which performs the division T.~ -fN/ TN -TN-I' It is only accurate to about 3% in the voltage range of operation. which is proportional to V-I, the inverse velocity of the reflector.
The scale on the bottom trace is 2.5 V/div. It can be seen that when the bottom signal approaches 10 V the top signal begins to have a relatively large deviation from a straight line. This is mainly due to the fact that the analog divider is accurate only when the denominator is between 4 and 8 V.
The scale on the upper trace is 5 V/div and one division corresponds to 1.6 fringes of the CO 2 interferometer. The fluctuation about a straight line then is less than 1/10 of a fringe except where the period becomes large enough to exceed the operating range of the analog divider. The vibrations which resulted in this condition exceed those expected under the operating conditions of Doublet III. When Doublet III is operating it will be possible to eliminate the analog divider and do the division digitally since all of the data acquisition on Doublet III will be done by computer.
For this test the velocity of the return reflector is about 8 mm/s. This corresponds to 240 measurements/s. This, of course, can be decreased or increased by changing the velocity of the return reflector. The density data is meant to be stored by a digital computer at a rate of 100-1000 points per shot, with a shot lasting between 0.2-1.0 s.
The data shown in Fig. 3 were obtained with a difference in path length between the two legs of the interferometer of 8 m, simulating the conditions which will exist on Doublet III. This indicates that the finite coherence length of the lasers is greater than 8 m and does not limit the operation of the interferometer.
III. LATERAL MOTION OF CORNER REFLECTOR
The use of the dual laser system compensates for mirror vibrational motion along the direction of the beam propagation. The use of corner reflectors es-sentially eliminates potential errors caused by the angular motion of the mirrors. However, the use of corner reflectors adds the problem that sideways motion of a reflector perpendicular to the beam direction causes a sideways displacement of the beam. The laser beam diameter is several times larger than the expected sideways shift of the beam, i.e., 1 cm diameter compared to a shift of 1-2 mm for the beam going through the plasma, so that the only source of error is the sideways motion of the radial wavefronts of one beam with respect to the other. As the radial wavefronts approach plane waves, spatial separation of the fringes becomes infinite and sideways motion of the beam causes no sideways shift of the fringe pattern.
In the situation described here one path length is considerably longer than the other so that the radius of curvature of the wavefronts in one beam, R L , is larger than the radius of the other beam Rs such that Rs < RL -Rs. The fringe pattern is circular when the two beams are colinear. If the zero-order fringe is at the center, the first-order fringe will be at a radius
The path lengths, and thus RL and R s , can be arranged so that r 1 is somewhat larger than the expected sideways shift, d, of the long path length beam for both the CO 2 and the HeNe beams. In this case the change in position of the first-order fringe is given approximately by Inserting numbers which are appropriate for the HeNe and the CO 2 lasers, we obtain the results that a 2-mm sideways shift of the beam will result in Y3 of a fringe 922 Rev. Sci. Instrum, Vol. 49, No.7, July 1978 shift in the HeNe system and 1/12 of a fringe shift in the CO 2 system. This is within the accuracy of other components of the system. Tests have verified that a 2-mm motion of the beam sideways does not cause any additional measurable errors.
IV. EFFECTS OF MAGNETIC FIELD
Any diagnostic device which operates near a large tokamak will be subject to magnetic fields. The magnitude of the fields can be as high as a several thousand gauss right next to the magnetic field coils of the tokamak; however, the fields fall off rapidly away from the machine. Gas discharge lasers such as CO 2 or HeNe are affected by magnetic fields. The dual laser interferometer has been tested in time varying magnetic fields. The operation of the interferometer is not affected until the field exceeds 50 G. This will allow the lasers to be placed as close as a few meters from the machine without magnetic shielding.
